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Abstract 16 
Due to the limited resources of fossil fuels and the need to mitigate climate 17 
change, energy utilization for all human activity has to be improved. The 18 
objective of this study was to analyse the correlation between energy 19 
intensity on dairy farms and production mode, to examine the influence of 20 
machinery and buildings on energy intensity, and to find production related 21 
solutions for conventional and organic dairy farms to reduce energy 22 
intensity. Data from ten conventional and ten organic commercial dairy 23 
farms in Norway from 2010-2012 were used to calculate the amount of 24 
embodied energy as the sum of primary energy used for production of 25 
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inputs from cradle-to-farm gates using a life cycle assessment (LCA) 26 
approach. Energy intensities of dairy farms were used to show the amount 27 
of embodied energy needed to produce the inputs per metabolizable energy 28 
in the output. Energy intensities allow to easily point out the contribution of 29 
different inputs. The results showed that organic farms produced milk and 30 
meat with lower energy intensities on average than the conventional ones. 31 
On conventional farms, the energy intensity on all inputs was 2.6 ± 0.4 (MJ 32 
MJ-1) and on organic farms it was significantly lower at 2.1 ± 0.3 (MJ MJ-1). 33 
On conventional farms, machinery and buildings contributed 18 % ± 4 %, 34 
on organic farms 29 % ± 4 % to the overall energy use. The high relative 35 
contribution of machinery and buildings to the overall energy consumption 36 
underlines the importance of considering them when developing solutions to 37 
reduce energy consumption in dairy production.  38 
For conventional and organic dairy farms, different strategies are 39 
recommend to reduce the energy intensity on all inputs. Conventional farms 40 
can reduce energy intensity by reducing the tractor weight and on most of 41 
them, it should be possible to reduce the use of nitrogen fertilisers without 42 
reducing yields. On organic dairy farms, energy intensity can be reduced by 43 
reducing embodied energy in barns and increasing yields. The embodied 44 
energy in existing barns can be reduced by a higher milk production per cow 45 
and by a longer use of the barns than the estimated lifetime. In the long run, 46 
new barns should be built with a lower amount of embodied energy. 47 
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The high variation of energy intensity on all inputs from 1.6 to 3.3 (MJ MJ-48 
1) (corresponding to the energy use of 4.5 to 9.3 MJ kg-1 milk) found on the 49 
20 farms shows a potential for producing milk and meat with low energy 50 
intensity on many farms. Based on the results, separate recommendations 51 
were provided for conventional and organic farms for reducing energy 52 
intensity. 53 
Key words 54 
Efficiency; energy intensity; dairy farm; milk; building; machinery 55 
1 Introduction 56 
The green revolution was the main cause for the significant increase in food 57 
production. Inputs such as fertilisers, pesticides, and farm machinery 58 
replaced human- and animal-power and contributed to the production 59 
increase. However, this development resulted in a high dependency on 60 
external energy. This dependency received its first public attention during 61 
the oil crisis of the early 1970s, and Pimentel et al. (1973) published one of 62 
the first studies on energy intensity in agriculture. Since the energy intensity 63 
in intensive livestock is much higher than in agricultural crops (Pelletier et 64 
al., 2011), it is important to analyse the intensity and look for possible 65 
improvements for its reduction. The amount of all non-renewable and 66 
renewable energy resources from cradle-to-gate except manpower and solar 67 
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radiation, used to produce milk on dairy farms has been calculated in many 68 
European studies.  69 
So far, studies on energy utilisation have mainly focussed on the amount of 70 
embodied energy used directly or indirectly by purchased inputs in dairy 71 
farming, not taking into account the contribution from machinery and 72 
buildings. Only some studied both conventional and organic farming, and 73 
they presented only the average values for each mode of production. Using 74 
average values hides the variation found in energy utilisation on commercial 75 
farms and does not allow to see the performance of the best farms for the 76 
two modes of production. The use of individual farm data allows to analyse 77 
were the strengths and weaknesses of the different production modes in 78 
regard of energy utilisation are, and were to focus for improving the energy 79 
utilisation. 80 
On conventional dairy farms, the energy needed to produce one litre of 81 
milk, without considering the energy needs of buildings and machinery, was 82 
found to be 2.4 MJ kg-1 ECM (energy-corrected milk) (Upton et al., 2013) 83 
in Ireland and 3.7 MJ kg-1 ECM (Cederberg et al., 2007) in Sweden.  84 
Some studies examined organic and conventional farms (e.g. Cederberg and 85 
Flysjö, 2004; Thomassen et al., 2008). They always found lower energy 86 
demand for producing milk on organic farms than on conventional. 87 
Thomassen et al. (2008) found this not only for their own study in the 88 
Netherlands, but also for studies from Sweden and Germany. The energy 89 
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demand by purchased inputs in the different studies varied from 2.6 to 5.0 90 
MJ kg-1 ECM for conventional farms and from 1.2 to 3.1 MJ kg-1 ECM for 91 
organic farms. 92 
Despite that the share of embodied energy in buildings can be substantial 93 
and has been reported to be up to 32 % (Rossier and Gaillard, 2004) of the 94 
total energy consumption on commercial dairy farms in Switzerland, most 95 
of the studies reviewed by Yan et al. (2011) and Baldini et al. (2017) did not 96 
include energy use linked to machinery, barns, and other agricultural 97 
buildings. 98 
European studies that include all energy input were from Switzerland and 99 
Germany. Only Rossier and Gaillard (2004) presented the results for each 100 
farm from their study in Switzerland and included embodied energy by 101 
purchased inputs, machinery and buildings. The energy use for mixed farms 102 
with dairy production ranged from 3.7 to 12.3 MJ kg-1 ECM. 103 
Taking account for all embodied energy on dairy farms, Erzinger et al. 104 
(2004) found that the energy demand varied from 4.1 to 6.0 MJ kg-1 ECM. 105 
Hersener et al. (2011) found lower values for dairy farms placed in valleys 106 
(4.8 MJ kg-1 ECM) than for farms placed in the mountains (6.0 MJ kg-1 107 
ECM).  108 
Only Refsgaard et al. (1998) studied the energy from purchase, machinery 109 
and buildings with data on conventional and organic milk production. They 110 
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found, on dairy farms with sandy soils in Denmark, an energy intensity of 111 
3.6 MJ kg-1 ECM on conventional and 2.7 MJ kg-1 ECM on organic farms. 112 
Because there are very few results including all energy use and comparing 113 
conventional and organic dairy farms, more investigations are needed. 114 
In Norway, dairy farming is an important part of agriculture with 31 % of all 115 
farms having cattle and two third of them having dairy production in 2015 116 
(Statistics Norway, 2016). Due to long winters, the vegetation period is 117 
short and cattle can only graze three to four month. To avoid high amounts 118 
of imported fodder to the farm, a part of the fodder produced in the short 119 
vegetation period has to be stored for long winters. Barns in Norway need 120 
high energy input, because of the embodied energy for insulation and 121 
heating in milking parlours. Despite the studies in other Scandinavian 122 
countries, energy intensities on commercial dairy farms of both modes, 123 
conventional and organic, have not been addressed under Norwegian 124 
conditions yet. 125 
The objective of this study on dairy farms was to determine if: 126 
- the energy intensity for producing food differs with production 127 
mode, 128 
- embodied energy in machinery and buildings contributes 129 
significantly to the farm's total energy intensity, 130 
- different solutions for different modes of production have to be 131 
chosen to reduce energy intensities. 132 
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In this study, we use energy intensities to compare the utilisation of 133 
embodied energy on different farms producing milk and meat. While 134 
efficiency describe the ratio of outputs to inputs (Godinot et al., 2015), 135 
intensities are the inverse of efficiency, describing the ration of inputs to 136 
outputs. Energy intensities have been used for example by Bullard and 137 
Herenden (1975). Intensities make it possible to assess the influence of each 138 
input individually. In this study, intensities are defined as the amount of 139 
primary energy from cradle-to-farm gate needed to produce one MJ of 140 
metabolizable energy in milk and meat. Energy intensities are calculated as 141 
the sum of primary energy (from regenerative and fossil resources) per dairy 142 
farm hectare of inputs in the nominator and the amount of produced 143 
metabolizable energy from milk and meat per dairy farm hectare in the 144 
denominator. 145 
Moitzi et al. (2010) used energy intensities with a focus on the concentrate 146 
level in dairy production in Austria. Kraatz et al. (2009) analysed the effect 147 
of different feedstuffs and of all inputs (Kraatz, 2012) on the energy 148 
intensity in dairy farming. Energy intensities have also been used in crop 149 
production to find improvements for fertilisation (Hülsbergen et al., 2001). 150 
In the literature, different energy intensities were used as indicators of 151 
resource use on farms. Energy intensities as used in this study have been 152 
named energy requirement (Uhlin, 1998), energy use (Vigne et al., 2013), or 153 
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energy cost (Bleken et al., 2005; Bleken and Bakken, 1997; Refsgaard et al., 154 
1998) in other publications. 155 
In this study, we used data from 20 commercial dairy farms to present the 156 
variation in the amount of energy used for production on conventional and 157 
organic farms. We analysed the factors that contribute to the entire amount 158 
of embodied energy used to produce metabolic energy in milk and meat for 159 
human consumption and to highlight solutions for conventional and organic 160 
dairy farming separately for reducing energy demand. 161 
 162 
2 Material and methods 163 
2.1 Farm selection and description  164 
This study was based on data from 10 certified organic and 10 conventional 165 
commercial dairy farms in the county of Møre og Romsdal in central 166 
Norway for the years of 2010-2012. The selected farms differed in the 167 
number of dairy cows, milking yield, farm area per cow, fertilisation, and 168 
forage-to-concentrate ratio to reflect variations found in the county. 169 
The county is mainly located in a coastal area around latitude 63° N, where 170 
the outdoor grazing period is usually not longer than three months for dairy 171 
cows. The selected farms are spread throughout the county, with some at the 172 
coast and some in the valleys further inland. The coldest monthly average 173 
near the coast is 2 °C, and in the valleys -5 °C, the warmest 14 °C and 15 174 
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°C, respectively. The annual precipitation varies from 1000 to 2000 mm, 175 
and is fairly evenly distributed throughout the year, with highest values near 176 
the coast (Dannevig, 2009). On cultivated areas, only grass and grass-clover 177 
leys are grown and irrigation is not needed. 178 
2.1.1 Farm areas 179 
In dairy farming, area-related indicators are important measures for the 180 
assessment. The Norwegian Agriculture Agency (NAA) distinguishes 181 
between three categories of utilised agricultural area: fully cultivated land, 182 
surface cultivated land, and native grassland (Fig. 1). These three categories 183 
have different levels of possible management practices and yields. In order 184 
to calculate the farm area we multiplied, each hectare of fully cultivated 185 
land by 1, of surface cultivated land by 0.6, and of native grassland by 0.3 as 186 
suggested by NAA. The weighting of surface cultivated land follows the 187 
guidance of Norwegian Agricultural Authority (2011), the factor for native 188 
grassland was set to represent an average of the potential grazing yield in 189 
these grasslands, based on the experience of the extension service (Rekdal, 190 
2008; Samuelsen, 2004). The sum of these weighted areas is referred to as 191 
the weighted farm area. Free rangeland consists mainly of native woodland 192 
or alpine vegetation and can only be used for grazing. The area of free 193 
rangeland is not included in the dairy farm area. The area used to produce 194 
fodder or fodder ingredients for concentrates purchased by the farm is 195 
named off-farm area because this area is not owned by the farm itself but is 196 
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essential for the farm’s dairy production, and thus, is part of the dairy 197 
system (DS). 198 
 199 
Fig. 1. Different categories of areas for the dairy farm and the dairy system 200 
 201 
2.1.2 System boundaries 202 
The dairy farm area consisted of fully and surface cultivated land and native 203 
grassland used for dairy cows and other cattle. The system boundaries for 204 
the dairy system include the dairy farm area and cattle herd, and the off-205 
farm area for growing imported roughages and concentrate ingredients. We 206 
applied a farm gate trade balance and only the farms with dairy production 207 
as their main enterprise were selected. When the farms had sheep, horses, or 208 
sold silage, the area used for grazing, winter fodder, and inputs for non-209 
dairy production was subtracted from the weighted farm area and thus 210 
excluded from our calculations in this study. 211 
Off-farm area
(OF)
Free rangeland 
(FR)
Dairy farm (DF)
Dairy system (DS)
Farm
Fully cultivated Surface Native
land cultivated land     grassland
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2.1.3 Farm data and sources 212 
Data from the 20 farms were collected for the calendar years 2010-2012. 213 
Inputs and outputs were summed up for the three years and divided by three 214 
to calculate average annual values, and thus reducing the influence of 215 
weather variations. The information collected included the farm area, 216 
livestock numbers, number of grazing days on different areas, and amount 217 
and type of manure applied. Farm visits were used to introduce the data 218 
collection forms and prepare farm maps. In addition to costs and income 219 
figures, accounting data included the quantities and types of products.  220 
The main characteristics of the farms are shown in Table 1. Comparing 221 
dairy farm and dairy system area, showed that the dairy farm (DF) area was 222 
slightly higher on organic farms compared to conventional farms, while 223 
both conventional and organic dairy farms had a dairy system (DS) area of 224 
about 60 hectares and a comparable stocking rate per dairy system area. For 225 
both type of farms, the off-farm area had an important share, but a bit higher 226 
on conventional farms. The conventional farms delivered more milk per 227 
cow than the organic farms, resulting in a smaller area needed per litre of 228 
milk. 229 
The cattle were grouped as calves, heifers, bulls, dry cows, and cows. Feed 230 
demand was calculated for each group based on breed, condition, weight, 231 
and milking yield using specific values for Norway (Olesen et al., 1999). 232 
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Feed demand, grazing uptake, harvest, and weight gain are described in 233 
detail by Koesling (2017).  234 
 235 
Table 1 236 
Main characteristics of the dairy farms. 237 
 238 
Parameters Unitsa Conventional Organic    
  
min average max 
standard 
deviation 
min average max 
standard 
deviation 
Farms n  10     10    
Dairy farm area (DF); 
weightedc ha  18   31   85   20   14   36   89   26  
Share of peat soild of 
fully cultivated area % 0 13 46 18 0 11 43 16 
Off-farm area ha  13   28   65   17   6   25   64   20  
Dairy system area (DS) ha  33   59   150   35   20   61   154   46  
Cows per farm cows farm-1  14   30   68   16   15   29   66   17  
DF Stocking rate cows ha-1  0.5   1.0   1.7   0.3   0.6   0.9   1.1   0.2  
Live weight cow kg cow-1  470   570   620   40   400   545   620   75  
Milk delivered per 
cowb 
kg ECM cow-1 
year-1  6,408   7,301   8,222   582  2,751   5,490   7,317   1,679  
Diesel use on DF l ha-1 year-1  103   179   286   68   35   96   141   36  
Working hours on farm h farm-1 year-1  2,992   4,014   4,785   507  2,522   3,802   5,026   736  
Return to labour per 
recorded working hour € h-1 
 6.0   14.7   30.9   6.8   9.4   14.5   22.9   4.5  
a Units of parameters are given. Numbers for participating farms are means for average of  
calendar years 2010-12 with standard deviation. 
b Milk delivered includes milk sold to dairy and private use    
c Weighted area = Fully cultivated land + 0.6 Surface cultivated land + 0.3 Native grassland 
d More than 40 % organic matter in soil  
 239 
2.2 Farm status  240 
2.2.1 Embodied energy in purchased inputs 241 
Concentrates purchased by the farmers consist of several ingredients 242 
produced in different countries. The use of agricultural area and amount of 243 
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embodied energy (MJ kg-1) of each ingredient was taken from the 244 
MEXALCA report for the respective continent or European country 245 
(Nemecek et al., 2011). The additional energy demand for transportation 246 
was calculated using ecoinvent v3.2 (Weidema et al., 2013) in regard to the 247 
amount transported, distance from the country of origin to the reseller for 248 
the farmers in the project, and different types of transportation used. For all 249 
other purchased products, the embodied energy was calculated from the 250 
cumulative energy demand from ecoinvent version 3.2, including all non-251 
renewable and renewable energy resources from cradle-to-gate except 252 
manpower and solar radiation. For the inputs containing nitrogen, we used 253 
the declaration of contents when available or the standard nutrient content 254 
(NORSØK, 2001). The dry matter (DM) and N contents of concentrates 255 
were calculated from the information on the formulations for the different 256 
types given by the Norwegian Agricultural Purchasing and Marketing 257 
Cooperation. The nitrogen concentration (kg N kg-1 DM) for on-farm 258 
roughages was estimated from analyses of roughages from three fields on 259 
each farm in 2010 and 2011. 260 
While the embodied energy for the inputs are presented in Table 3, free 261 
rangeland is an exception. No non-renewable or renewable energy was 262 
needed for the production of feed, taken in on free rangeland. The presented 263 
values in Table 3 are the calculated amount of the metabolizable energy in 264 
milk and meat gain produced on free rangeland. 265 
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 266 
The energy used to produce imported roughage was calculated as the 267 
amount of imported dry matter (DM) roughage multiplied with energy 268 
needed to produce one kg DM (MJ kg-1 DM). For conventional roughage, 269 
we used 1.70 MJ kg-1 DM imported roughage as calculated for round bales 270 
by Strid and Flysjö (2007) as an estimate because field operations and 271 
fertilizing levels in their investigation (50 kg N ha-1 by fertilizer and 25 kg 272 
N ha-1 by farmyard manure) were comparable to common levels in our 273 
district. The conditions for producing imported roughages in our district 274 
were compared to farm data, local field trials, fertilisation schemes, and 275 
information from the local extension service. Also for organic roughages, 276 
data from Strid and Flysjö (2007) were used. The energy use for spraying 277 
farmyard manure and other field operations was calculated to be 0.66 MJ 278 
kg-1 DM, slightly higher than on conventional farms, while the amount for 279 
harvesting, baling, and film was equal (0.67 MJ kg-1 DM). Using no 280 
artificial fertilisers and pesticides the embodied energy for imported organic 281 
roughage was estimated to be 1.33 MJ kg-1 DM. 282 
The off-farm area needed to produce imported roughage was calculated by 283 
dividing the amount of imported roughage with average harvested roughage 284 
yields on the farms in our investigation; 4,200 kg DM ha-1 for conventional 285 
and 2,940 kg DM ha-1 for organic farms.  286 
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For different ingredients in the concentrates (all were imported), the values 287 
for the area and need of embodied energy for production were taken from 288 
ecoinvent V 3.2 (Weidema et al., 2013).  289 
The off-farm area for concentrates was calculated by multiplying the mass 290 
of each ingredient with the land occupation (m2 kg-1).  291 
To calculate the energy needed to raise  bought animals, we used the 292 
average energy intensity calculated in this study for conventional (2.6 MJ 293 
MJ-1) and organic (2.1 MJ MJ-1) farms to produce metabolic energy in 1 kg 294 
carcass, and multiplied this value with the expected carcass share (53 % of 295 
live weight, (Geno, 2014)) of bought animals’ weight. 296 
2.2.2 Embodied energy in agricultural buildings and machinery 297 
A ‘bottom up’ approach based on different building constructions was used 298 
to calculate the amount of embodied energy that was required in the 299 
production of the building materials in the envelope of the buildings, 300 
estimating a 50-year lifetime (Koesling et al., 2015). The building envelope 301 
is defined as the materials used to construct and enclose the main building 302 
parts, such as the ground- and intermediate-floors, walls (both external and 303 
internal), building structure, roof framing, and roofing material. For 304 
embodied energy in technical equipment in the barns, values from Kraatz 305 
(2009) were used. For embodied energy in building materials (Table 2), we 306 
used data from the Norwegian Environmental Product Declarations 307 
(Norwegian EPD, 2014) and Fossdal (1995) for the main materials found in 308 
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the building envelope. In calculating the amount of embodied energy in 309 
buildings, the combination of embodied energy per kilogram and the 310 
kilogram per square meter in the building parts is important. For aluminium, 311 
the share of recycling was estimated to be 80 %, for steel 93 %. In Norway 312 
concrete is rarely recycled up to now. 313 
 314 
Table 2 315 
Construction materials with Norwegian values for embodied energy per kilogram 316 
and average amount of each material used per cow-place in all buildings on farm 317 
for all 20 farms. 318 
Material Embodied 
energy 
(MJ kg-1) 
Source Material used 
per cow-place 
(kg cowplace-1) 
Standard 
deviation 
Aluminium plates 106.5 Fossdal, 1995 74 34 
Bitumen roof 
waterproofing, multi-layer 24.4 NEPD 00270E, 2014 a 
8.2 35.6 
Bitumen waterproofing, 
multi-layer 24.4 NEPD 00270E, 2014 a 
67 39 
Chipboard 12.6 NEPD 00274N, 2014 a 47 30 
Concrete B 25 0.8 NEPD 123N, 2013 a 29486 7071 
Concrete B 35 1.0 NEPD-332-216N, 2015 a 16660 9293 
Concrete B 45 1.0 NEPD-334-218-N, 2015 a 9539 5193 
Concrete reinforcement 8.8 NEPD-348-237E, 2015 a 1234 452 
Fibreboard, soft, wind 
barrier 13.9 NEPD 213N, 2011 a 
108 69 
Mortar, dry 1.3 NEPD 00289E, 2014 a 30 45 
PE-foil waterproofing 65.0 NEPD-341-230-N, 2015 a 4.0 1.9 
Rockwool 13.4 NEPD 00131E rev1, 2013 a 224 117 
Steel sheet 46.0 NEPD 00178N rev1, 2013 a 14 63 
Steel sheet, galvanized  65.3 NEPD 00171N rev1, 2013 a 4.0 17.6 
Steel, based on ore 19.2 NEPD 00235E, 2014 a 9.3 37.6 
Timber construction 4.1 NEPD 084N rev1, 2012 a 1690 719 
Timber, cladding 4.8 NEPD 082N rev1, 2012 a 127 47 
a Norwegian EPD environmental product declarations at: www.epd-norge.no 319 
 320 
For each farm, a record of all machinery used in agriculture was prepared, 321 
including the type of machinery, brand, model, weight, and year of 322 
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fabrication and purchasing. Machinery was categorized into the groups for 323 
agriculture according to ecoinvent V2.2 (Hischier et al., 2010) as: tillage 324 
machinery, slurry tanker, trailer, tractor, and other agricultural machinery. 325 
To calculate the amount of embodied energy per year, the weight of each 326 
machine was multiplied by the ecoinvent value and then divided by the 327 
expected service life for the corresponding category. For example, for a 328 
tractor, the service life is expected to be 12 years (Nemecek and Kägi, 329 
2007). The tractor weight was calculated as the weight of all tractors on the 330 
farm divided by the farm area. If a machine was older than the expected 331 
service life, we divided the amount of embodied energy by its age in 2012 to 332 
get the annual value of embodied energy. 333 
2.3 Functional units 334 
Milk includes both fat and protein in varying amounts. To compare milk 335 
from different farms based on its energy content, the amount of milk mass 336 
was standardized to a kilogram of energy-corrected milk (ECM) (Sjaunja et 337 
al., 1991) based on the fat and protein content on each farm: 338 
 339 
ECM [kg] =  340 
milk [kg] ((enfat [J g-1] fat [g kg-1] + enprot [J g-1] protein [g kg-1] + enlac [J g-341 
1]) enmil -1[J kg-1])        (1) 342 
 343 
In Eq. (1), the standard energy value in Joule for 1 gram fat (enfat) is 38.3, 344 
for 1 gram protein (enprot) 24.2, and the gross energy content in Joule in one 345 
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kg ECM (enmil) 3,140, while the constant for energy in lactose and citric 346 
acid (enlac) is 783.2 (Sjaunja et al., 1991). To show how much energy was 347 
used to produce a litre of milk, we present in figure 3 the energy use also for 348 
Norwegian full-cream milk, which is sold with 3.9 % fat and 3.3 % protein 349 
and has a metabolizable energy content of 2.78 MJ kg-1 (Norwegian Food 350 
Safety Authority, 2015). Per 1 kg carcass of cow, the content of nutritional 351 
energy is estimated as 6.47 MJ per kg (Heseker and Heseker, 2013). The 352 
functional unit of 1.0 MJ metabolizable energy is thus contained in 0.36 kg 353 
of ECM or 0.15 kg of meat or any combination of 1.0 MJ milk and meat. 354 
The farmers in our study produced milk and animals for slaughter or as live 355 
animals. In this study, we used a system expansion, summing up the content 356 
of metabolizable energy in sold milk and meat gain for human consumption 357 
in relation to energy produced and per hectare as recommended by Salou et 358 
al. (2017). 359 
2.4 Energy inputs, energy outputs and energy intensities 360 
Primary energy embodied in the purchased inputs on dairy farms (SIpDF) 361 
was calculated as the sum of the energy needed for production and 362 
transportation of different purchased products (Ipi) to the farm gate (see 363 
Table 3 and Eq. (2)). 364 
 365 
𝑆𝐼𝑝𝐷𝐹 = 𝐼𝑝𝑎 + 𝐼𝑝𝑏 + 𝐼𝑝𝑐 + … + 𝐼𝑝𝑛 + 𝐼𝑝𝑜 = ∑ 𝐼𝑝𝑖
𝑜
𝑖=𝑎
                                   (2) 366 
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With (see Table 3): 367 
SIpDF  Embodied energy in purchased inputs on farm 368 
Ipa  concentrates 369 
Ipb  milk powder 370 
Ipc  imported roughages 371 
Ipd bought animals 372 
Ipe entrepreneurial baling 373 
Ipf PE-film 374 
Ipg fuel 375 
Iph  electricity 376 
Ipj silage additives 377 
Ipk pesticides 378 
Ipl bedding 379 
Ipm transport of concentrates 380 
Ipn fertiliser 381 
Ipo lime   382 
 383 
We calculated three main energy intensities. All of them were calculated in 384 
MJ input per MJ metabolizable energy in sold milk and meat gain (SOmm) as 385 
output (Table 3): energy intensity on yearly purchased inputs (εi-pDF); energy 386 
intensity on purchased inputs plus the annual value of machinery and 387 
buildings (infrastructure) (εi-pDF+Infra); and energy intensity on all inputs (εi-388 
all), including yearly purchased inputs, the annual value of machinery and 389 
buildings and produced metabolizable energy on free rangeland. Two 390 
energy intensities were calculated where production of milk and meat gain 391 
on free rangeland was subtracted from the output (NOmm): energy intensity 392 
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on purchased inputs (εi-pDF-FR) and energy intensity on purchased inputs plus 393 
infrastructure (εi-pDF+Infra-FR). 394 
These five energy intensities are dimensionless and calculated as quotients 395 
with the input of primary energy from cradle-to-farm gate as nominator and 396 
the metabolic energy output from milk and meat gain as denominator. 397 
Similar to energy intensities, nitrogen intensities were calculated as 398 
quotients with the input of nitrogen used in production on the dairy farm (Ni-399 
pDF) as nominator and the output of nitrogen from milk and meat gain for 400 
human consumption as denominator (Koesling, 2017). 401 
To investigate if the differences between conventional and organic farms 402 
still were significant with higher values of embodied energy of organic 403 
concentrates, roughages, and bought animals and lower estimated values for 404 
meat gain, t-tests were conducted. The values for embodied energy of 405 
organic concentrates, roughages, and bought animals were increased to 110 406 
% and 120 %  of the values presented (Ipa, Ipc and Ipd in Table 3). The meat 407 
gain on organic farms (Omeat) was reduced to 90 %  and 80 %.  408 
2.5 Statistics 409 
For statistical analysis, the software RStudio® (version 0.99.893, 410 
www.rstudio.com) was used in combination with R® (version 3.2.4, www.r-411 
project.org). 412 
The software was used for regression analyses, t-tests, variance analyses, 413 
and correlation matrices. To reduce the risk of choosing an incorrect model 414 
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because of correlation between the assumed independent variables 415 
(Birnbaum, 1973) when analysing the effect of different variables on 416 
intensities, an analysis of variance between the pairs of independent 417 
variables were conducted. In the presented models in this study, correlations 418 
between the pairs of independent variables were low. Correlations in the 419 
matrices were calculated as Pearson’s r correlations and the resulting 420 
matrices were analysed to detect the relations of variables with different 421 
energy intensities. The matrices also allowed us to understand the 422 
correlations between the independent variables. The matrices were created 423 
for all of the 20 farms. Additionally, separate matrices were created for 424 
conventional and organic farms, because different independent variables 425 
were significant for the two modes of production.  426 
For descriptive statistics (mean, standard deviation) and figures, Microsoft® 427 
Excel® 2013 was used. 428 
To analyse the independent variables that influenced energy intensities and 429 
the correlations among them, correlation matrices were calculated. The Xn 430 
variables tested (n = 80) represent general information about the farms (area 431 
and number of animals), the number of working hours, economic results, 432 
dairy production, plant production, imports, calculated intensities, and 433 
numbers in relation to the dairy farm and dairy system. The variables were 434 
selected based on the results in the literature. The correlation matrices were 435 
used to preselect the variables for regression to identify key variables 436 
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influencing the energy intensities calculated on primary energy for purchase 437 
(εi-pDF) and all inputs (εi-all) as response variables for each farm i (i = 1, 2, 438 
…, n; n = 20 farms). Xij is regressor j (j = 1, 2, …, p; p = 80) for farm i. 439 
ei  are random variables assumed to be independent and normally 440 
distributed. β0, β1, β2, …, βp, are unknown parameters estimated using the 441 
data. The basic forms for the two regression functions were: 442 
 443 
𝜀𝑖−𝑝𝐷𝐹 =  𝛽0 + 𝛽1 𝑋𝑖1 +  𝛽2 𝑋𝑖2 +  ∙∙∙   +  𝛽𝑝 𝑋𝑖𝑝 + 𝑒𝑖 
 
(3) 
𝜀𝑖−𝑎𝑙𝑙 =  𝛽0 +  𝛽1 𝑋𝑖1 + 𝛽2 𝑋𝑖2 +  ∙∙∙   +  𝛽𝑝 𝑋𝑖𝑝 + 𝑒𝑖 (4) 
 444 
Because of a low coefficient of determination for conventional farms, a 445 
regression was also conducted using a dummy variable, indicating whether 446 
the milk yield was higher (1) than the average of the group or not (0). For 447 
conventional farms, this variable increased the coefficient of determination 448 
(Model 1b and 2b, Table 4), when one farm with a high share of peat soil 449 
resulting in low yields was excluded. 450 
 451 
3 Results 452 
On average, organic farms produced milk and meat with lower energy 453 
intensity on the sum of all inputs (εi-all, Table 3) than conventional farms. 454 
The summed energy input on the organic dairy farm area was significantly 455 
lower compared with the conventional farm area, independent if calculated 456 
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on purchased inputs, the sum of purchased inputs, machinery and buildings 457 
(infrastructure), and all inputs. 458 
Organic farms used 40 % of the embodied energy per hectare by 459 
concentrates (org: 7,554 MJ ha-1 DF, con: 18,748 MJ ha-1 DF, Table 3) and 460 
56% by fuel (org: 4,247 MJ ha-1 DF, con: 7,575 MJ ha-1 DF) of what the 461 
conventional farms used. Thus, the sum of the primary energy needed to 462 
produce the inputs per hectare on organic farms was 43 % of the amount on 463 
the conventional farms (org: 20,764 MJ ha-1 DF, con: 48,164 MJ ha-1 DF). 464 
The output (SOmm), measured in metabolizable energy per hectare, on 465 
organic farms was 61 % of the production on conventional farms (org: 466 
14,529 MJ ha-1 DF, con: 22,861 MJ ha-1 DF). 467 
3.1 Contribution of purchase on production and energy intensity 468 
An increased energy input from all inputs (SIall) with one MJ ha
-1 DF on 469 
conventional farms resulted in an increase in the production of 470 
metabolizable energy (SOmm) with 0.38 ± 0.07 MJ ha
-1 DF and 0.48 ± 0.12 471 
MJ ha-1 on organic farms (Fig. 2). The labels in the figure display energy 472 
intensities on all embodied energy input. The values are given for 473 
conventional and organic farms, with average and linear regression for each 474 
group. Thus, an increasing energy input was slightly better utilized for 475 
producing metabolizable energy on organic than on conventional farms. 476 
Although some organic farms produced as much metabolizable energy per 477 
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dairy farm hectare as the conventional ones with the lowest production, no 478 
organic farm reached the average production level of conventional farms. 479 
 480 
 481 
 482 
Fig. 2. 483 
Production of metabolizable energy in milk and meat gain per dairy farm (DF) area 484 
(vertical axis) in relation to embodied energy input on all input per dairy farm area 485 
(horizontal axis).  486 
 487 
3.2 Variations on energy intensities 488 
The energy intensity on purchase was 1.4 ± 0.3 for organic and 2.1 ± 0.2 for 489 
conventional farms (εi-pDF; Table 3). In the table, the inputs are given as the 490 
amount of primary energy (MJ) needed to produce inputs (I), and content of 491 
metabolic energy (MJ) in outputs (O) per dairy farm (DF) hectare per year. 492 
The average values and standard deviation for conventional and organic 493 
farms are presented. The energy intensities calculated for organic farms 494 
Sum embodied energy on all inputs [MJ ha-1 DF]
conventional observed εi-pDF
conventional average εi-pDF
organic observed εi-pDF
organic average εi-pDF
conventional: 
SOmm = 1104 + 0.38 SIall
R2 = 0.79, p-value < 0.001
organic:
SOmm = 333 + 0.48 SIall
R2 = 0.66, p-value < 0.01
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were lower than those for conventional farms, but within each group of 495 
conventional and organic farms we found high and low energy intensities 496 
independent of the energy input (Fig. 2).  497 
 498 
Table 3 499 
The inputs, outputs and formulas used to calculate the energy intensities (ε) used in the 500 
present article; energy intensity on purchase (εi-pDF), energy intensity on purchase plus 501 
infrastructure (εi-pDF+Infra), and energy intensity on all input (εi-all).  502 
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    conventional organic  
  Index and formula average 
std. 
dev. average 
std. 
dev. 
 
t-testa 
Inputs, primary energy needed to 
produce  [MJ ha
-1 DF]   
Yearly purchase dairy farm (DF) Ip           
    Concentrates Ipa 18,748 7,304 7,554 2,747 *** 
    Milk powder Ipb 602 610 0 511 * 
    Imported roughage Ipc 411 644 693 398 n. s. 
    Bought animals Ipd 136 151 95 64 n. s. 
    Entrepreneurial baling Ipe 604 485 189 325 * 
    PE-film Ipf 1,382 789 921 818 n. s. 
    Fuel Ipg 7,575 3,119 4,247 1,730 ** 
    Electricity Iph 7,684 3,125 6,035 2,208 n. s. 
    Silage additives Ipj 1,679 1,338 601 803 * 
    Pesticides Ipk 32 13 0 26 *** 
    Bedding Ipl 16 16 37 49 n. s. 
    Transport Ipm 407 149 190 87 *** 
    Fertiliser Ipn 8,799 2,571 153 2,520 *** 
    Lime Ipo 88 90 49 66 n. s. 
Sum yearly MJ-purchase DF   48,164 15,001 20,764 9,229 *** 
Values for infrastructure per year       
    Tractors and other machinery Ib 7,668 2,182 5,821 1,727 n. s. 
    Stables Ic 3,052 1,110 2,659 537 n. s. 
    Other agric. buildings Id 319 147 294 172 n. s. 
Free rangeland (FR), produced  
metabolizable energy in milk and 
meat gainb IFR 770 821 478 747 n. s. 
SUM purchase, machinery, buildings SIpDF+Infra = SIpDF + Ib + Ic + Id 59,203 16,847 29,538 8,785 *** 
SUM all inputs SIall = SIpDF+Infra + IFR 60,743 17,802 30,494 8,690 *** 
              
Outputs, metabolizable energy  [MJ ha
-1 DF]   
Sold milk, including private use Omilk 20,456 6,457 12,619 4,146 ** 
Meat gain Omeat 3,174 1,107 1,911 478 ** 
Sum output (milk and meat gain) SOmm = Omilk + Omeat 23,631 7,273 14,529 4,102 ** 
Net output without production on 
free rangeland (FR) NOmm = Omilk + Omeat - IFR 22,861 6,869 14,052 4,368 ** 
𝑆𝐼𝑝𝐷𝐹 = ∑ 𝐼𝑝𝑖
𝑜
𝑖=𝑎
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 503 
Energy intensity of organic farms was lower than that of conventional ones, 504 
but the share of infrastructure in total energy use was higher for the organic 505 
farms (Fig. 3). In the figure, values for conventional (con) and organic (org) 506 
dairy farms and the contribution of energy from different inputs are 507 
presented. The lower label in each bar displays the energy intensity on 508 
purchase (εi-pDF) and the upper label the energy intensity on all energy input 509 
(εi-all). The farms are sorted by increasing energy intensity for total energy 510 
input. The right axis is scaled to show energy intensity to produce 2.78 MJ 511 
metabolizable energy, corresponding to the metabolic energy content of 1 512 
litre milk. Below the figure, milk yield per cow in kg ECM cow-1 year-1 and 513 
energy intensities without free rangeland are presented. The data are listed 514 
in Table S1 (supplementary materials). 515 
For the farm with the lowest average milking yield (2,980 kg ECM cow-1 516 
year-1), including the infrastructure increased the intensity based on 517 
purchase (εi-pDF) by nearly 90 %. On the conventional farm with the highest 518 
milk yield (9,350 kg ECM cow-1 year-1), infrastructure increased the 519 
              
Energy intensities   [MJ MJ-1]   
Energy intensity purchase εi-pDF = SIpDF/SOmm 2.1 0.2 1.4 0.3 *** 
Energy intensity purchase and 
infrastructure εi-pDF+Infra = SIpDF+Infra/SOmm 2.6 0.4 2.1 0.3 ** 
Energy intensity all input εi-all = SIall/SOmm 2.6 0.4 2.1 0.3 * 
            
Energy intensities without  
free rangeland (FR)            
Energy intensity purchase DF - FR εni-pDF = SIpDF/NOmm 2.1 0.3 1.5 0.3 *** 
Energy intensity purchase  
and infrastructure - FR εni-pDF+Infra = SIpDF+Infra/NOmm 2.6 0.4 2.2 0.4 * 
a significant at level             
*** < 0.001; ** < 0.01; * < 0.05             
b For production of milk and meat on free rangeland, the metabolic energy in the product was used. The value of 
primary energy as defined in this study was zero. Production on free rangeland can be considered as both input 
and output. 
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intensity based on purchase by 17 %. Of the entire amount of primary 520 
energy consumption for the produce on dairy farms, the influence of 521 
infrastructure varied from 15 % to 43 %. The average value on conventional 522 
farms was 19 % and on the organic farms was 29 %. 523 
 524 
 525 
 526 
Fig. 3. Energy intensity is the amount of primary energy needed to produce 1 MJ 527 
metabolizable energy in delivered milk and meat gain (left axis).  528 
 529 
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3.3 Milk yield and energy input output intensities 530 
In conventional farms, increasing milk yields per dairy cow showed a 531 
tendency to result in lower energy intensities on purchased inputs (εi-pDF, 532 
Table 4 and Fig. 4 (a)) and on all energy inputs (εi-all, Fig. 4 (b)). 533 
Conventional farms that had cows with a higher milk yield than average, 534 
had lower energy intensities on purchased inputs and on all inputs than 535 
average (Model 1b and 2b). One conventional farm produced food with a 536 
slightly lower intensity (εi-all = 2.1) than the average of organic farms, and 537 
two other farms produced with intensity close to the average of organic 538 
farms (Fig. 4 (b)).  539 
On organic farms, the energy intensities were not influenced by the 540 
variation in milk yield (3.0 to 8.3 t ECM). The influence of infrastructure on 541 
total energy intensity was larger on organic farms, especially on those with 542 
low milk yields. 543 
 544 
Table 4  545 
Results for the different regressions. 546 
Model no, 
productio
n 
Coefficien
t 
Coefficien
t 
estimate  
Standard 
error 
p-
valuea 
R2 
(Model
) 
Variables 
Energy intensities for milk delivered and meat gain as affected by milk yield 
1a, energy intensity on purchase,  
conventional farms, eq. (3) 
 
* 
 
0.44 
 
 α 4.13e+00 8.27e-01 **   
 β1 -2.50e-01 9.97e-02 *  X1 = milk yield (t ECM cow-1 year-
1) 
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1b, energy intensity on purchase,  
9 conventional farms, eq. (3) ** 0.80 
 
 α 2.24+00 0.06+00 ***   
 β1 -0.44+00 0.08+00 **  
dummy X1 = 1 if milk yield over 
8.27 (t ECM cow-1 year-1) 
1, energy intensity on purchase, 
organic farms, eq. (3) 
 
n.s. 
 
0.17 
 
 α 1.12e+00 2.53e-01 **   
 β1 5.19e-02 4.05e-02 n.s.  X1 = milk yield (t ECM cow-1 year-
1) 
2a, energy intensity on all input,  
conventional farms, eq. (4) 
 
* 
 
0.45 
 
 α 6.10e+00 1.29e+00 **   
 β1 -4.20e-01 1.56e-01 *  X1 = milk yield (t ECM cow-1 year-
1) 
2b, energy intensity on all input,  
9 conventional farms, eq. (4) ** 0.67 
 
 α 2.83+00 0.12+00 ***   
 β1 -0.65+00 0.17+00 ** 
 dummy X1 = 1 if milk yield over 
8.27 (t ECM cow-1 year-1) 
2, energy intensity on all input,  
organic farms, eq. (4) 
 
n.s. 
 
0.28 
 
 α 2.70e+01 4.49e+00 *   
 β1 -1.10e+00 2.16e+00 n.s.  X1 = milk yield (t ECM cow-1 year-
1) 
Variables influencing the energy input output intensities on purchase on dairy farms (εi-pDF) 
3, energy intensity on purchase, 
all 20 farms, eq. (3) 
 
*** 
 
0.88 
 
 α 8.87e-01 8.11e-02 ***   
 β1 2.06e-01 1.79e-02 ***  X1 = N-intensity Ni-pDF 
4, energy intensity on purchase, 
conventional farms, eq. (3) 
 
** 
 
0.91 
 
 α 9.10e-01 2.45e-01 ***   
 β1 1.47e-03 4.56e-04 **  X1 = Diesel (l ha-1 year-1) 
 β2 1.77e+00 3.64e-01 ***  X2 = Fertiliser N (all N-input 
DF)-1 
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 β3 -7.96e-01 2.68e-01 **  X3 = N fixed by clover (all N-
input DF)-1 
5, energy intensity on purchase, 
organic farms, eq. (3) 
 
** 
 
0.86 
 
 α 1.86e+00 1.55e-01 ***   
 β1 -1.37e-04 3.15e-05 ***  X1 = Harvestable yield (kg DM 
ha-1 year-1) 
 β2 1.32e-02 3.07e-03 ***  X2 = PE-film used (kg ha-1 
year-1) 
Variables influencing the energy input-output intensities on primary energy for all inputs on dairy 
farms (εi-all) 
6, energy intensity on input, 
all 20 farms, eq. (4) 
*** 0.53  
 α 1.65e+00 1.76e-01 ***   
 β1 1.77e-01 3.90e-02 ***  X1 = N-intensity Ni-pDF 
7, energy intensity on input, 
conventional farms, eq. (4) 
*** 0.96  
 α 8.46e-01 1.71e-01 ***   
 β1 1.62e-02 2.41e-03 ***  X1 = Tractor-weight (kg ha-1 
year-1) 
 β2 2.00e-01 2.91e-02 ***  X2 = N-intensity Ni-pDF 
8, energy intensity on input, 
organic farms, eq. (4) 
** 0.85  
 α 3.93e+00 4.60e-01 ***   
 β1 2.10e-02 8.96e-03 *  X1 = Floor area in barn per cow 
(m2 cow-1) 
 β2 -3.34e-03 7.64e-04 ***  X2 = Live weight cow (kg cow-1) 
 β3 -6.91e-01 1.78e-01 ***  X3 = N fixed by clover (all N-
input on DF)-1 
a significant at level 
*** p-value < 0.001; ** p-value < 0.01; * p-value < 0.05 
 
 547 
 548 
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 549 
 550 
Fig. 4. (a) 551 
 552 
 553 
Fig. 4. (b) Energy intensities on purchase (a) and on all inputs (b) in relation to milk yield. 554 
Values for conventional and organic farms, with average and linear regression on milk 555 
yield for each group. 556 
3.4 Correlation between variables tested  557 
The dependence of multiple variables on intensities, were investigated by 558 
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correlation matrices (data not presented). On conventional farms, there was 559 
a high correlation between nitrogen (N) intensities (Koesling, 2017) and 560 
energy intensities on purchase (εi-pDF). The dairy farm area was positively 561 
correlated with energy intensities on purchased inputs and infrastructure (εi-562 
pDF+Infra) and all inputs (εi-all). On organic farms, the dairy farm area was also 563 
positively correlated with energy intensities on purchased inputs (εi-pDF). 564 
Larger conventional farms, measured in dairy farm area and number of 565 
cows, had higher weight of tractors (kg ha-1 year-1), more likely used 566 
milking robots, used less working hours per cow (h cow-1 year-1), and less 567 
working hours per metabolizable energy produced (h MJ-1 year-1). Larger 568 
organic farms were positively correlated with a greater distance to the fields 569 
(m ha-1), a higher share of concentrates in the feed ration, a lower share of 570 
silage stored in silage-towers, less human working hours per cow (h cow-1 571 
year-1), less human working hours per metabolizable energy produced (h 572 
MJ-1 year-1), a lower energy uptake by grazing relative to the entire energy 573 
uptake by cattle, and a lower return to labour per dairy farm area and per 574 
metabolizable energy produced. On organic farms, a higher energy uptake 575 
by grazing relative to the entire energy uptake by cattle was strongly 576 
negatively correlated with the share of concentrates in the feed ration, 577 
delivered milk (kg ECM cow-1 year-1), and the number of cows on the farm. 578 
On the other hand, grazing on organic farms was strongly positively 579 
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correlated with more working hours per hectare (h ha-1 year-1) and per 580 
metabolizable energy produced (h MJ-1 year-1). 581 
The energy intensity on purchase on the 20 dairy farms (Model 3, Table 4) 582 
was highly correlated (R2 = 0.88) with the nitrogen intensity on purchase 583 
(Ni-pDF). Since conventional and organic farms produce with different N 584 
intensities (Koesling, 2017), the explanation of this model mainly reflects 585 
the different nitrogen intensities between conventional and organic farms. 586 
The conventional farms had a higher energy intensity on purchase (εi-pDF) 587 
when more diesel per hectare was used; they had a higher share of N 588 
fertiliser per hectare and a lower share of N fixed by clover per hectare of all 589 
N-input per hectare of dairy farm (Model 4, Table 4). On organic farms, the 590 
energy intensity on purchase (εi-pDF) increased with lower harvestable yields 591 
per hectare and an increased use of PE-film for silage (Model 5, Table 4). 592 
Models 4 and 5 had high values for coefficient of determination,  (0.91) for 593 
conventional (Model 4) and (0.86) for organic farms (Model 5). 594 
 595 
The model explaining the energy intensity εi-all on all inputs with the 596 
nitrogen intensity Ni-pDF as the variable on all 20 farms had a lower 597 
coefficient of determination (R2 = 0.53, Model 6, Table 4).  598 
On conventional farms, the energy intensity εi-all on all inputs could be 599 
described satisfactorily (R2 = 0.96) by Model 7 with only two variables. The 600 
energy intensity εi-all was positively correlated with the sum of tractor 601 
weight per hectare and N intensity calculated on purchased products (Ni-602 
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pDF). For organic farms, Model 8 had a coefficient of determination of 0.85, 603 
describing the energy intensity εi-all on all inputs. The energy intensity εi-all 604 
was positively correlated with the floor area per cow in the barn, lower live 605 
weight of the cows, and less nitrogen fixated by clover as a part of all 606 
nitrogen used on the dairy farm. 607 
 608 
Table 6 609 
Variables influencing the energy input-output intensities on primary energy for all 610 
inputs on dairy farms (εi-all). 611 
Model 
no., farms 
Coefficien
t 
Coefficien
t 
estimate 
Standard 
error 
p-
valuea 
R2 
(Mo
del) 
Variables 
6, energy intensity on input, 
all 20 farms, equation 4 
*** 0.53  
 α 1.65e+00 1.76e-01 ***   
 β1 1.77e-01 3.90e-02 ***  X1 = N-intensity Ni-pDF 
7, energy intensity on input, 
conventional farms, equation 4 
*** 0.96  
 α 8.46e-01 1.71e-01 ***   
 β1 1.62e-02 2.41e-03 ***  X1 = Tractor-weight (kg ha-1 
year-1) 
 β2 2.00e-01 2.91e-02 ***  X2 = N-intensity Ni-pDF 
8, energy intensity on input, 
organic farms, equation 4 
** 0.85  
 α 3.93e+00 4.60e-01 ***   
 β1 2.10e-02 8.96e-03 *  X1 = Floor area in barn per cow 
(m2 cow-1) 
 β2 -3.34e-03 7.64e-04 ***  X2 = Live weight cow (kg cow-1) 
 β3 -6.91e-01 1.78e-01 ***  X3 = N fixed by clover (all N-
input on DF)-1 
significant at level 
*** p-value < 0.001; ** p-value < 0.01; * p-value < 0.05 
All calculations are done by equation 4  
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 612 
4 Discussion 613 
The main findings of this study are that organic dairy farms produce milk 614 
and meat on average with less energy than conventional dairy farms, 615 
independent if measured per area or amount produced. The variations within 616 
each mode of production were high and in this section the results are 617 
discussed in regard to literature, uncertainty and the influence of factors. 618 
4.1 Energy intensity 619 
Our obtained energy intensities of 7.2 MJ kg-1 ECM on conventional and 5.8 620 
MJ kg-1 ECM on organic dairy farms, are much higher than corresponding 621 
results from Denmark of 3.6 MJ kg-1 ECM and 2.7 MJ kg-1 ECM, respectively 622 
(Refsgaard et al., 1998).  This is the only study we found in the literature on 623 
energy intensity on purchase and infrastructure in conventional and organic 624 
milk production. The lower values in Denmark can be caused by the higher 625 
yields and larger fields and shorter distances to them in that country compared 626 
to Norway. Another reason for lower values found in Denmark is expected to 627 
be due to the method, where the quantity of machinery and buildings was not 628 
measured on the farm in contrast to our study, and the fact that the Norwegian 629 
dairy farming can be characterized by an intensive use of machinery and fossil 630 
fuel (Vigne et al., 2013). 631 
Modelling the farms for future dairy farming in Germany, Kraatz (2012, 632 
2009) calculated values from 3.3 to 4.0 MJ kg-1 ECM. These lower values 633 
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may be the result of much higher yields compared to Norway and less 634 
embodied energy in stables (modelled for 180 cows). Refsgaard et al. (1998) 635 
suggested that using standard values for field operations could underestimate 636 
the use of diesel by nearly 50 % compared to data from real farms. Thus, the 637 
use of standard values may cause an underestimation of the real energy use 638 
on farms. 639 
Including both the purchase and machinery on French dairy farms, van der 640 
Werf et al. (2009) calculated lower energy intensities and a smaller difference 641 
between conventional and organic production (2.8 and 2.6 MJ kg-1 ECM) than 642 
in our study (6.7 and 5.2 MJ kg-1 ECM). Due to the correlation of N-fertiliser 643 
and energy intensity and the high N-surplus on conventional farms (Koesling, 644 
2017), a reduction of N-fertiliser and the N-surplus should be possible on 645 
most conventional farms without reducing yields, if the utilisation of 646 
farmyard manure is improved (Cortez-Arriola et al., 2014). Using  less N-647 
fertiliser  will reduce energy intensities as also observed by van der Werf et 648 
al. (2009), where conventional dairy farmers only used 60 kg N ha-1 on 649 
average. However, similar to our study, van der Werf et al. (2009) also found 650 
a high variation within both groups.  651 
In this study, different energy intensities were calculated on purchased inputs, 652 
machinery, and buildings, so the results can be compared with other European 653 
studies. Similar to this study, all the other studies analysing both conventional 654 
and organic dairy farms calculated lower energy intensities for organic milk 655 
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production (e.g. Cederberg and Flysjö, 2004; Thomassen et al., 2008; Werf et 656 
al., 2009).  657 
4.2 Uncertainty 658 
The implication of different sources of uncertainty for the reliability of Life 659 
Cycle Assessment (LCA) in general and in agriculture has got more 660 
attention in the last years (Basset-Mens et al., 2009; Ross et al., 2002; Röös 661 
et al., 2010). In LCA, there are two main sources of uncertainty, poor data 662 
quality and lack of site-specific data (Ross et al., 2002). For plant 663 
production, the actual yield was found to be the most influential parameter. 664 
Also N fertilising and soil processes have a high impact on the carbon 665 
footprint (Röös et al., 2010). 666 
In contrast to a LCA, neither yields or soil processes are needed for this 667 
study on the use of energy. For purchased inputs and delivered milk, we 668 
used accounting data, which can be assumed to be of high data quality. For 669 
machinery and buildings, registrations were done on farm, to get farm 670 
specific data. For buildings, the building construction approach was used to 671 
get reliable data on materials used and the amount of embodied energy 672 
(Koesling et al., 2015). 673 
For the amount of embodied energy, we tried to get site specific data either 674 
directly from ecoinvent or MEXALCA. For building materials, we used 675 
data for Norway, and for concentrates we used data for the different 676 
ingredients, specific for each farm and year. 677 
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Of the inputs included, embodied energy from stables and other buildings, 678 
machinery, fertilizer, lime, pesticides, bedding, transport, silage additives, 679 
electricity, fuel, PE-film, entrepreneurial baling and milk-powder have the 680 
same origin, independent if they are used on a conventional or organic farm. 681 
Uncertainty about different embodied energy for conventional and organic 682 
inputs can be restricted to the inputs from the bought animals, imported 683 
roughages and concentrates, and the meat gain as output.  684 
Organic dairy farming was found to produce milk and meat on average with 685 
less energy than conventional dairy farms, independent if measured per area 686 
or amount produced. To evaluate the influence of data uncertainty, we 687 
recalculated the results presented in Table 3 for input and output data on 688 
organic farms which may have higher uncertainty (see 2.4 Energy inputs, 689 
energy outputs and energy intensities). 690 
With an increase of the values for concentrates, imported roughages or 691 
bought animals, or a reduction of the meat gain on organic farms there were 692 
still significantly lower energy intensities on organic farms than on 693 
conventional.  694 
Data quality and harmonisation is an important topic for ecoinvent 695 
(Frischknecht and Rebitzer, 2005), thus, there is little evidence that the 696 
values for embodied energy for organic inputs are underestimated, while the 697 
values for conventional are expected to be correct. 698 
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4.3 Effect of milk yield on energy intensities 699 
The effect of milk yield on energy intensities was different for the two 700 
modes of production in this study. A linear correlation between increased 701 
milk yield and lower energy intensity was expected, based on previous 702 
studies on conventional dairy farming (Garnsworthy, 2004; Gerber et al., 703 
2011; Kraatz, 2012; Yan et al., 2013). However, we could not find a linear 704 
correlation between increased milk yield and lower energy intensity on 705 
conventional farms. But having cows with a milk yield above average was 706 
found to be correlated with lower energy intensity. The three farms with the 707 
highest milk yield had the lowest energy intensities (Table 4 and Fig. 4). 708 
Consistent with the results by Smith et al. (2015), organic dairy production 709 
was associated with better energy utilisation than conventional production 710 
both on area basis (energy intensity per area and on product basis). We 711 
could not identify any other studies stating that energy intensities on organic 712 
farms are unaffected by milk yield, which is an important finding of this 713 
study and a benefit from including organic dairy farms with high variation 714 
in milk yield. Many factors can contribute to produce with low energy 715 
intensities despite low milk yields. These factors are nitrogen fixation by 716 
clover, buildings with less embodied energy, storing of silage in towers, 717 
small machines, farm area close to the farm, smaller farms, and more 718 
grazing. Many of these factors contribute to use less inputs which are linked 719 
to embodied energy.  720 
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4.4 Farm size 721 
Conventional farms with larger areas had higher energy intensities both on 722 
purchase (εi-pDF) and all inputs (εi-all) and had higher tractor weight (kg ha-1 723 
year-1). This is in in line to the results of Hersener et al. (2011) for 724 
comparable farms in Switzerland who observed higher energy intensities on 725 
larger farms, and an increasing environmental costs of intensification 726 
(Antonini and Argilés-Bosch, 2017). For organic farms, the overall energy 727 
intensity did not increase with larger farm area, but these farms used more 728 
diesel (l ha-1). The narrow valleys in the region combined with small fields 729 
and rented areas may caused that an increase in the farm area, increased the 730 
distance to the fields significantly, requiring more diesel fuel for transport. 731 
The climate, with a few days for harvesting under optimal conditions, might 732 
explain why farmers buy bigger tractors; to be able to harvest a larger area 733 
within the available “harvest window”. 734 
4.5 Increased grazing can contribute to reduced energy intensity 735 
Grazing can contribute to reducing energy intensity as reported by O’Brien 736 
et al. (2012), Kraatz (2012), and Vigne et al. (2013). Not surprisingly, for all 737 
farms, higher energy uptake by grazing relative to the entire energy uptake 738 
by cattle reduced the use of PE-film for silage (kg PE-film ha-1 year-1). 739 
Grazed feed does not have to be harvested or packed as round bales. 740 
Grazing free rangeland had on average little effect on the energy intensities 741 
of conventional and organic farms. One reason is that not all had access to 742 
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free rangeland. However, for some farms grazing had a large impact. For the 743 
organic farm with the highest overall energy intensity εi-all = 2.9 (Fig. 3), the 744 
intensity calculated without grazing free rangeland was even higher (εni-745 
pDF+Infra = 3.3). Increased grazing on native grassland and free rangeland can 746 
lead to higher milk and meat production without occupying additional land, 747 
where crops can be grown for human consumption. 748 
4.6 Importance of buildings and machinery 749 
On two of the organic farms with below-average milk yields, the amount of 750 
embodied energy from infrastructure contributed up to 43 % of the entire 751 
primary energy used. For farms with low milk yield it is thus important to 752 
reduce the amount of embodied energy in buildings and machinery, but his 753 
is difficult in the short run. Good maintenance for a longer lifetime 754 
expectancy of buildings and machinery would gradually reduce the share of 755 
embodied energy from infrastructure in dairy products. When making 756 
investments, the focus on material savings by choosing building 757 
characteristics properly (e.g. a design with less square metre of ground floor 758 
area and less square metre of insulated walls) and the increased use of 759 
materials with lower primary energy demand during production (e.g. wood 760 
instead of concrete) would reduce the relative amount of primary energy, 761 
which is discussed by Dux et al. (2009) and Koesling et al. (2015). 762 
However, it is still difficult for farmers to get the necessary information on 763 
how to reduce embodied energy when building new barns. 764 
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Some arguments for why embodied energy from buildings is not included in 765 
LCA studies are mentioned by Harris and Narayanaswamy (2009). These 766 
include: their small influence on overall results (Flysjö et al., 2011); the 767 
inclusion of embodied energy is time consuming; there is a lack of data; or 768 
buildings are comparable for the different farms in the study and no 769 
differences are expected (Cederberg and Mattsson, 2000; Thomassen et al., 770 
2008). Including buildings and machinery, Rossier and Gaillard (2004) 771 
calculated the values for energy intensity for producing milk ranging from 772 
3.7 MJ kg-1 ECM to 12.3 MJ kg-1 ECM. Even if little can be done to reduce 773 
the amount of embodied energy from infrastructure in the medium-term 774 
(Lebacq et al., 2013), information on the actual status of embodied energy 775 
and how to reduce it is crucial, because infrastructure can have an important 776 
contribution to the overall energy use as shown in the present study and 777 
found by Marton et al. (2016).  778 
Comparing the energy intensity of conventional and organic dairy farming 779 
based only on purchase would prove the superiority of organic dairy 780 
production to conventional production (only 67 % of the energy intensity of 781 
conventional farms; εi-pDF 1.4 for organic compared to 2.1 for conventional). 782 
However, when embodied energy for infrastructure is included, the energy 783 
intensity of organic farms was 81 % of the value for conventional farms (εi-784 
all 2.1 to 2.6, respectively, Fig. 3). Focusing on the energy intensity on all 785 
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inputs will result in better recommendations to reduce the overall energy use 786 
in dairy production than focusing only on the energy intensity on purchases. 787 
 788 
5 Conclusion 789 
The objectives of this study were to analyse the differences in energy 790 
intensities of conventional and organic dairy farms, the influence of 791 
machinery and buildings on the intensities, and the solutions to reduce the 792 
energy intensities of conventional and organic farms. 793 
Energy intensities are used to describe the amount of embodied energy 794 
needed to produce a unit of metabolizable energy in milk and meat. We 795 
found that organic dairy farms produced milk and meat with significantly 796 
lower energy intensities than conventional farms. More important than this, 797 
is the high variation found for both modes of production, indicating that it 798 
should be possible to reduce the use of energy on many farms, regardless of 799 
the production mode. 800 
Because the share of embodied energy from machinery and buildings on 801 
dairy farms varied from 15 % to 44 % of the entire consumption of 802 
embodied energy, we recommend that analyses and strategies to reduce 803 
energy intensities in dairy farming should include embodied energy on 804 
machinery and buildings. Future work should focus on how to reduce the 805 
amount of embodied energy in machinery and buildings. 806 
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For conventional and organic dairy farms, we recommend different 807 
strategies to reduce the energy intensity on all inputs. Conventional farms 808 
can reduce energy intensity by reducing the tractor weight (measured as the 809 
weight of all tractors on farm per dairy farm area). Due to high nitrogen 810 
surplus on most conventional farms, it should be possible to reduce the use 811 
of nitrogen fertilisers without reducing yields. On organic dairy farms, 812 
energy intensity can be reduced by reducing embodied energy in barns, and 813 
by increasing the yields. Increased amount of clover in leys and thus higher 814 
nitrogen fixation by clover are among others important to increase yields on 815 
organic farms. The embodied energy in existing barns can be reduced by a 816 
higher milk production per cow and by a longer use of the barns than the 817 
estimated lifetime of 50 years. In the long run, new barns should be built 818 
with a lower amount of embodied energy. Reduced embodied energy in 819 
barns can be achieved by less square metre area per cow-place in the barn, 820 
less square metre area of concrete walls, and less square metre area of 821 
insulated concrete walls. 822 
The high variation of energy intensity on all inputs from 1.6 to 3.3 (MJ MJ-823 
1)  (4.5 to 9.3 MJ kg-1 milk) found on the 20 farms shows the potential for 824 
producing with low energy input and indicates that individual farm analyses 825 
are preferable as a basis for developing individual solutions to reduce 826 
energy intensity. Future work is needed to analyse in detail the reasons for 827 
high energy intensities and possible improvements. Inefficiencies can be 828 
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found many places as e.g. plant production, harvesting, storing, feeding, 829 
utilization of feed, animal health, handling of manure, buildings and 830 
technical equipment. It can be expected that the utilisation of energy can be 831 
further improved even on the best farms, since none of the farmers received 832 
information about how to reduce the amount of embodied energy. 833 
 Nevertheless, focusing on the important variables for the energy intensity 834 
identified in this study is a good starting point for finding solutions to 835 
reduce energy intensity of conventional and organic dairy farms with similar 836 
conditions.  837 
The presented approach of using energy intensities highlights the influence 838 
of embodied energy from different inputs, and can be used to analyse farms 839 
and find possible solutions to improve the farms’ overall energy utilization. 840 
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